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The Contribution of Substance P and Neurokinin A to

Nociceptive Processing

by Yu Qing Cao

ABSTRACT

Mammalian tachykinins (TKs) including substance P (SP), neurokinin A

(NKA) and neurokinin B are part of a family of neuropeptides that are widely

distributed in the central and peripheral nervous system. Their structural

similarities are characterized by a common C-terminal pentapeptide. There

are three subtypes of TK receptors (neurokinin-1,2,3 receptors). The three TKs

are capable of binding each receptor subtype although with different affinities.

Two of the TKs: SP and NKA, are colocalized with excitatory

neurotransmitter glutamate in primary afferent neurons that respond to

painful stimulation. Previous studies have indicated the contribution of SP

to neurogenic inflammation and the hyperexcitability of dorsal horn neurons

after tissue injury. However, the functional study of TKs have been

hampered by the fact that they are often colocalized and coreleased with other

neurotransmitters. Using a pharmacological approach to concurrently block

the action of SP and NKA, which almost certainly function in unison, is not

practical.

In this study, I target-disrupted the mouse preprotachykinin A (PPTA)

gene, which encodes both SP and NKA, and tested the responses of wild type



and PPTA mutant mice to various noxious stimuli. I found that although

the behavioral response to mildly painful stimuli was intact in these mice,

the response to moderate to intense pain was significantly reduced; and

SP/NKA contributes to acute nociception in all modalities of both cutaneous

and visceral origin. Neurogenic inflammation, which results from

peripheral release of SP and NKA, is almost absent in the mutant mice. Yet

in several mouse models of chronic inflammation or nerve injury I did not

detect any difference in the behavior between wild type and mutant mice.

I also examined the response of neurokinin-1 receptor (NK-1R) mutant

mice under the same conditions as I tested PPTA mutant mice. NK-1R

mutant mice showed a less profound phenotype than did the PPTA mutant

mice, indicating that SP/NKA might contribute to nociception through other

neurokinin receptors.

I also found that the delta opioid receptor immunoreactivity (DOR-ir)

was severely disrupted in the dorsal horn of the spinal cord and several

other brain areas in PPTA mutant mice. We propose that it is due to the

missorting of DOR protein from regulatory secretory pathway to

constitutive secretory pathway in the mutant mice. We also found an

attenuated analgesic effect of intrathecal 61 agonist DPDPE but not 62

agonist deltorphin, indicating the existence of presynaptic 61 receptors and

postsynaptic 62 receptors. Nevertheless, the loss of DOR-ir in PPTA

mutant mice seems unlikely to contribute to the deficit observed in the

mutant mice.

vi



Table of Contents

Acknowledgments iii

Abstract V

List of Figures and Tables ix

Chapter One 1

Introduction

Chapter Two 16

Generation of PPTA mutant mice and characterization of their nociceptive

responses

Abstract 17

Introduction 18

Methods 19

Results 26

Discussion 35

Figures 38

Chapter Three 55

Disruption of PPTA gene expression leads to abnormal subcellular

distribution of delta opioid receptor protein

Abstract 56

vii



Introduction

Methods

Results

Discussion

Figures

57

62

65

74

81

Chapter Four 91

Conclusions and future directions

References 96

viii



List of Tables and Figures

Chapter One

Table 1-1: Mammalian tachykinin receptors 14

Figure 1-1: Mammalian PPTA gene, mRNA and peptides 15

Chapter Two

Table 2-1:

Table 2-2:

Figure 2-1:

Figure 2-2:

Figure 2-3:

Figure 2-4:

Figure 2–5:

Figure 2-6.

Figure 2-7.

Figure 2-8:

Figure 2-9.

Density of neurokinin receptor binding sites in
PPTA"/", PPTA’’’ and PPTA/ mice 38

Phenotypic comparison of PPTA and NK-1R
mutant mice 39

Generation of PPTA mutant mice 40

SP and NKA immunoreactivity are absent in the
PPTA mutant mice 41

Responses to intrathecally injected SP or NKA in
PPTA wild type and mutant mice 42

Responses to intrathecally injected AMPA, kainic
acid or NMDA in PPTA wild type and mutant mice 43

The latency to respond on cold plate in PPTA wild
type and mutant mice 44

"Pain" responses to different thermal or mechanical
stimulus intensities 45

“Pain" responses to noxious chemical stimulation
of cutaneous or visceral tissue 46

Antinociceptive effect of morphine in PPTA wild
type and mutant mice 47

Development of inflammation-induced allodynia
in PPTA wild type and mutant mice 48

ix



Figure 2-10. Development of nerve-injury induced allodynia
in PPTA wild type and mutant mice 49

Figure 2-11: Magnitude of neurogenic and non-neurogenic
inflammatory responses in wild type, homozygous
mutant and heterozygous mice 50

Figure 2–12: The influence of genetic background on the
phenotype of the PPTA mutant mice 51

Figure 2-13: Formalin test in mice of different genetic
background 52

Figure 2-14: The effect of a NK-1R antagonist GR205171A in
PPTA wild type and mutant mice 53

Figure 2-15: Intrathecal capsaicin-induced desensitization of
the tail flick response 54

Chapter Three

Figure 3-1: SP, NKA and CGRP immunoreactivity in the
spinal cord of PPTA wild type and mutant mice 81

Figure 3-2: DOR-ir is absent in the spinal cord dorsal horn of
PPTA mutant mice but preserved in the NK-1R
mutant mice 82

Figure 3-3: MOR, MENK and DynB immunoreactivity in the
dorsal horn of PPTA wild type and mutant mice 83

Figure 3-4: DOR-ir and CGRP-ir in the trigeminal ganglia of
PPTA wild type and mutant mice 84

Figure 3-5. DOR mRNA and protein in PPTA wild type and
mutant mice 85

Figure 3-6: Tail flick latency in PPTA wild type and mutant
mice is not altered 86

Figure 3-7. The antinociceptive effect of intrathecal DAMGO
does not differ in PPTA wild type and mutant mice 87



Figure 3-8:

Figure 3-9.

Figure 3–10:

Antinociceptive effects of intrathecal DPDPE and
deltorphin in PPTA wild type and mutant mice 88

The effect of DOR selective antagonist naltrindole
in PPTA wild type and mutant mice in the hot
plate test 89

Naltrindole does not affect the “pain" response in
PPTA wild type and mutant mice in the formalin
test 90



Chapter One

Introduction



Acute pain serves as a warning signal that induces animals to withdraw from

potentially tissue damaging stimuli. In the setting of severe tissue or nerve

injury, however, and particularly when the injury is prolonged, pain can

persist, and nociceptive processing is exacerbated (Levine et al., 1993). An

analysis of the anatomy and physiology of the transmission of nociceptive

messages has identified many important features. Noxious stimuli activate

the peripheral endings of primary afferent nociceptors. The action potential

propagates through primary afferent neurons to their central endings in the

dorsal horn of the spinal cord, where a complex mix of neurotransmitters is

released. This, in turn activates dorsal horn neurons which transmit the

nociceptive message to thalamus and to various brainstem areas that encode

nociceptive signals (Fields, 1987). The two major neurotransmitters of

primary afferent nociceptors are the excitatory neurotransmitter glutamate

and several neuropeptides, including the tachykinins (TKs) (De Biasi et al.,

1988). Because blockers of glutamate receptors reliably reduce nociceptive

behavior and the excitation of dorsal horn nociresponsive neurons, (Wilcox,

1991; Meller et al., 1993; Hunter and Singh, 1994), it is assumed that

nociceptive messages are mediated by glutamate release from the primary

afferent. Although there is considerable evidence that TKs are also involved,

their precise contribution is less well established. In this series of studies we

have use a genetic approach to study the function of TK peptides in the

processing of nociceptive messages and pain.



Synthesis and expression of tachykinin peptides

Substance P (SP) was first isolated from equine brain by von Euler and

Gaddum in 1931. The other two mammalian TKS, neurokinin A (NKA) and

neurokinin B (NKB), were isolated about 50 years later (Kimura et al., 1983).

All TKs are short peptides, containing 10-11 amino acids and they share a

common C-terminal pentapeptide (Figure 1-1). Two single copy genes that

encode the TK peptides have been discovered. The preprotachykinin A

(PPTA) gene (Nawa et al., 1984; Krause et al., 1987) encodes the sequence of SP

and NKA in exons 3 and 6, respectively (Figure 1-1) and the preprotachykinin

B (PPTB) gene encodes the sequence of NKB. Mature TKs are synthesized

through posttranslational processing of the precursor proteins, stored in large

dense core vesicles (LDCVs) at axon terminals, and are released upon

stimulation. Although the C terminal of the peptides is presumed to mediate

the pronociceptive contribution of SP and NKA and although antagonists to

the C terminal have been developed, there is evidence that degradation of

extracellular TKs by various peptidases generates functionally distinct

products. For example, Igwe et al (1990) reported that the N-terminal of SP,

which is the predominant SP metabolite, has anti-nociceptive effects that

are not mediated by any of the known TK receptors (Igwe et al., 1990). This

observation raised the possibility that antagonists against TK receptors cannot

completely block the biological function of SP. For this reason, an alternative

approach to studying the contribution of the endogenous TKs is necessary.



The mouse PPTA cDNA was cloned by Kako et al. (1993). Three

alternatively spliced mRNAs have been found in brain tissue (Figure 1-1).

The predominant forms are Y-PPTA and B-PPTA mRNAs, which encode both

SP and NKA; a third splice product, O-PPTA, which only encodes SP is found

in very low levels. Thus, in most if not all SP-positive neurons in mouse,

NKA is coexpressed, colocalized and coreleased with SP. Because many

studies indicate that SP and NKA have similar biological functions, I chose to

generate mutant mice that lack both SP and NKA. This prevented the

possibility that SP and NKA would substitute for each other, a possibility that

could mask the mutant phenotype. The fact that SP and NKA are encoded by

the same gene also makes this strategy technically feasible and more

straightforward.

Tachykinin receptors

The genes for all three TK receptor subtypes, namely neurokinin-1,2 and 3

receptors, have been isolated (Nakanishi, 1991; Maggi, 1995). All three

receptors belong to the G-protein coupled receptor family and share 54-66%

homology in their transmembrane and cytoplasmic regions. This

considerable homology between receptor subtypes is consistent with the fact

that all three TKs are capable of binding each receptor subtype, although with

different affinities (Table 1-1). Activation of TK receptors results in hydrolysis

of phosphoinositols, increased levels of intracellular Ca2+ and subsequent

stimulation of protein kinase C. Electrophysiologically, the activation of TK



receptors results in slowly developing, prolonged depolarization. SP can also

potentiate the action of glutamate on postsynaptic NMDA receptors (see

review, Levine et al., 1993; Woolf et al., 1998). The phosphorylation and

subsequent internalization of receptor after ligand binding results in the

desensitization of TK signaling (Mantyh et al., 1995).

Tissue distribution of TKs and their receptors

TK peptides are primarily synthesized in neurons and are widely distributed

in both central nervous system (CNS) and peripheral nervous system (PNS)

(Otsuka and Yoshioka, 1993). As noted above, SP and NKA are often

colocalized. By contrast, the expression pattern of NKB is quite distinct. The

striatum has the most abundant PPTA mRNA expression and SP/NKA

immunoreactivity (SP/NKA-ir) is heavily concentrated in caudate/putamen

and substantia nigra, suggesting their function in the control of locomotion.

Approximately 20-30% of primary afferent neurons, which have cell

bodies in dorsal root ganglia (DRG), express high levels of SP/NKA. The

peptide is transported to both the peripheral and central terminals of the

primary afferents. Thus, SP/NKA-ir in peripheral tissues is mainly derived

from primary afferent fibers. The central endings of SP/NKA-positive DRG

neurons terminate in laminae I and II of the spinal cord dorsal horn and is

the source of most of the intense SP/NKA-ir in the dorsal horn. NKB

expression is not found in DRG neurons. The NKB immunoreactivity in the

dorsal horn mainly derives from spinal cord interneurons.



Every SP/NKA-positive DRG neuron also contains the neuropeptide -

calcitonin-gene-related peptide (CGRP) and most also express trkA (nerve

growth factor receptor) (Averill et al., 1995). The expression of SP/NKA is

regulated by NGF that is released from peripheral tissue and glia cells to act

upon the trkA receptor. Also highly colocalized with SP/NKA in DRG

neurons is the delta opioid receptor (DOR) (Elde et al., 1995; Zhang et al.,

1998). In fact, ultrastructural analysis revealed that DOR-immunoreactivity

(DOR-ir) is localized on the membrane of large dense core vesicles that

contain SP/NKA and CGRP.

Both neurons and non-neuronal cells express TK receptors. Although

NK-1 receptors (NK-1R) are distributed in both brain and peripheral tissues,

NK-2 receptors (NK-2R) are mainly located in the periphery. NK-3 receptors

(NK-3R) are almost exclusively expressed in the CNS. In the spinal cord

dorsal horn, NK-1R immunoreactivity (NK-1R-ir) is mainly located in

lamina I and laminae III-IV, but surprisingly not lamina II, a region rich in

SP/NKA (Liu et al., 1994; Brown et al., 1995; Liu and Sandkühler, 1995). This

mismatch between the distribution of SP/NKA and that of their receptors

suggests that SP/NKA released from central endings of the primary afferent

neurons diffuses a considerable distance before binding to their receptors.

Indeed, ultrastructural analysis revealed that the distribution of TK receptors

in dorsal horn neurons is not restricted to synaptic junctions but is spread

throughout plasma membranes of cell bodies and dendrites (Liu et al., 1994;

Brown et al., 1995).



The extent to which NK-2R are represented in the spinal cord is not at all

clear (Routh and Helke, 1995). Most studies indicate that the effects of

SP/NKA on spinal cord neurons is mediated via the NK-1R. However,

pharmacological studies have provided considerable evidence for a selective

contribution of NKA to nociceptive processing via the NK-2R, even though

neither NK-2R message nor protein is found in the cord (Laneuville, et al.,

1988; Munro et al., 1993; Ma and Woolf, 1995). We believe that a comparison

of the phenotypic difference between SP/NKA mutant mice and NK-1R .

mutant mice will provide some clue toward answering this question. The

studies outlined below are a first step in that analysis. Finally, the NK-3 R is

expressed abundantly in lamina II of dorsal horn (Ding et al., 1996) and its

contribution to nociception is not at all clear. º

Contribution of SP/NKA to nociceptive processing

In the rat DRG, PPTA mRNA is expressed in approximately 20-30% of cell

bodies, most of which are of small to intermediate size. SP/NKA-ir is seen in

50% of unmyelinated C-fiber neurons and 20% of the small myelinated A-8

fibers, but not in the large AO/B neurons (McCarthy and Lawson, 1989).

Application of capsaicin, which selectively stimulates C-fibers, evoked the

release of SP from rat spinal cord (Gamse et al., 1979; Theriault et al., 1979)

and Yaksh et al. (1980) showed that electrical stimulation of peripheral nerves

at C-fiber, but not A-fiber, strength caused an increase in the SP release into

spinal cord CSF in the cat. In addition, lumbar intrathecal injection of SP in



both rats and mice evoked pain behavior, characterized by biting and

scratching of the hindlimbs (Hylden and Wilcox, 1981). Based on these

studies, it has been proposed that SP is a neurotransmitter of primary afferent

nociceptors. A major question, however, is whether SP/NKA comes into

play under conditions that are different from those which exclusively evoke

the release of glutamate. For example, higher frequencies of primary afferent

stimulation are required to evoke the release of SP compared to glutamate

(Duggan et al., 1995; Marvizon et al., 1997). Furthermore, noxious stimulus

evoked internalization of NK-1R in dorsal horn neurons of the normal

animals occurs only when stimulus intensities are well above the threshold

for pain (Mantyh et al., 1995; Abbadie et al., 1997) and thus above the intensity

required to evoke the release of glutamate. º

Kuraishi et al. (1989) reported that in the rabbit, the release of SP was

evoked by mechanical but not by thermal noxious stimuli. This suggested

that there is a modality-specific release of SP. Using antibody-coated glass

microelectrodes, Duggan et al. (1988) obtained similar results in the cat. These

studies led to the hypothesis that SP/NKA mediates specific nociceptive

modalities, although no consistent correlation between SP content and

sensory modality in DRG neurons has been found (Leah et al., 1985). In

transgenic mice that express recombinant anti-SP antibodies under the

control of the vg■ promoter, the released SP is partially neutralized by

antibodies that are secreted extracellularly (Piccioli et al., 1995). The threshold

for thermonociception was not changed in these transgenic mice, which is



consistent with the hypothesis that SP is evoked predominantly by noxious

mechanical stimuli. On the other hand, the modality-specificity of SP/NKA

remains a question as SP is only partially neutralized in the transgenic mice

and the function of NKA is not altered. Recently, Lawson et al. (1997)

reported that a large proportion of SP-containing DRG neurons in guinea pig

were polymodal nociceptive afferents, arguing against the modality-specificity

of SP/NKA. Importantly, their data suggested that SP might contribute more

to the nociception from deep tissue (for example, muscle) rather than from

superficial cutaneous tissue (skin). The importance of establishing whether

SP/NKA contribute to specific modalities of pain provided another major

rationale for the development and study of mutant mice that lack SP/NKA.

The contribution of SP/NKA to neurogenic inflammation

Neurogenic inflammation results from activation of primary afferent C-fibers

which in turn release SP/NKA and other neurotransmitters/modulators

from their peripheral terminals. Mounting evidence indicates that SP/NKA

is a major contributor to neurogenic inflammation (Lembeck and Holzer,

1979; Levine et al., 1993). Thus, injection of SP into human skin induces local

reddening, wheal and flare. This results from increased blood flow due to

vasodilation and the increased permeability of high endothelial venules,

leading to plasma extravasation, i.e. leakage of proteins and fluid into the

extracellular space. It also induces pain and itch. SP has also been shown to

interact with immune cells and other non-neuronal cells, resulting in the



secretion of inflammatory agents such as histamine, interleukin-1, TNF-0.

and prostaglandin E2. The latter observation suggests that SP is also involved

in the regulation of host defense responses by the nervous system. Consistent

with these observations, NK-1R antagonists potently inhibit plasma

extravasation (Lembeck et al., 1987; Amann et al., 1995), and in transgenic

mice that express the SP antibody, mustard oil-induced plasma extravasation

is partially suppressed.

The contribution of SP/NKA to central sensitization during inflammation

In the setting of persistent injury/inflammation, plastic changes occur in the

nervous system. These changes influence the subsequent processing of

nociceptive information. In the periphery, there is a cyclo-oxygenase

dependent sensitization of nociceptive C-fibers, leading to the persistent

release of SP/NKA and glutamate from both peripheral and central endings.

In the CNS, especially the spinal cord dorsal horn, the hyperexcitability

produced by persistent and intense C-fiber input is manifest as increased

spontaneous activity, decreased threshold of action potential firing and

enlarged receptive fields. Importantly, several studies provided evidence that

centrally released SP/NKA contributes to central sensitization, i.e.

hyperexcitability of dorsal horn neurons. In fact, during inflammation, there

is an upregulation of the TK system. The number of SP-positive small

diameter neurons increases in DRG (Noguchi et al., 1988) and SP-ir is

elevated in the dorsal horn (Lembeck et al., 1981; Marlier et al., 1991).

10



Concurrently, there is an almost two-fold increase in the level of NK-1R-ir in

dorsal horn neurons (Abbadie et al., 1996). Electrophysiological studies also

indicate that SP/NKA contributes to the sensitization of dorsal horn neurons,

through slow postsynaptic depolarization and modulation of NMDA receptor

activity (Rusin et al., 1992; Urban et al., 1994). Intrathecal injection of NK-1

receptor antagonists inhibit the late discharges of spinothalamic tract neurons

in rat dorsal horn (Toda and Hayashi, 1993) and prevent the sensitization of

primate spinothalamic tract neurons after intradermal capsaicin (Dougherty

et al., 1994). Furthermore, NK-1R antagonists reduce the behavioral response

in the formalin test (Yamamoto and Yaksh, 1991; Rupniak et al., 1996) and

Neumann et al. (1996) reported that some Aff-primary afferent neurons

became SP-positive during inflammation and that NK-1R antagonist blocked

the afterdischarge induced by stimuli at A-fiber strength.

The contribution of SP/NKA to the establishment of persistent pain states

after nerve injury

Nerve injury, like inflammation, can also induce a sensitized state in the

nervous system. This condition almost certainly contributes to the

development of a persistent “neuropathic "pain, which is manifested by an

increased and prolonged response to a noxious stimulus (hyperalgesia),

painful sensation upon non-noxious stimulation (allodynia) and

spontaneous pain (Woolf, 1993). The abnormal discharges from primary

afferent C-fibers are believed to underlie the development and maintenance

11



of sensitization in spinal cord dorsal horn neurons. Although there is

considerable evidence for a contribution of NMDA receptor activation to

sensitization (McMahon et al., 1993), the administration of the NMDA

antagonist, MK801, delays but does not prevent the development of

mechanical hyperalgesia in a neuropathic pain model in the rat (Smith et al.,

1995). The latter result indicates that other factors, perhaps SP/NKA may be

involved in sensitization. Although SP/NKA expression in DRG and in

dorsal horn decreases after nerve injury (Barbut et al.,1981; Hökfelt et al.,

1994), the level of NK-1R in dorsal horn neurons increases, with the same

time course as the decrease in SP. The upregulation of the NK-1R even occurs

in dorsal horn areas that receive input from regions outside of the injury

zone (Abbadie et al., 1996). The nontopographic changes in NK-1R suggest

that the level of SP/NKA in the dorsal horn, although decreased, may still be

sufficient to provoke significant and possibly exacerbated postsynaptic

responses due to the upregulation of NK-1R. The mechanisms outlined

above are but one of several possible mechanisms that underlie the

development and maintenance of nerve injury-induced neuropathic pain.

Of particular interest are recent studies which demonstrated that peripheral

nerve injury leads to the sprouting of the central terminals of primary

afferent fibers, specifically the sprouting of non-nociceptive A■ -fibers into

lamina II of dorsal horn. The latter region normally only receives primary

nociceptive afferent input and is also considered to be responsible for the

maintenance of central sensitization (Woolf et al., 1992; Woolf and Doubell,

12



1994). Interestingly, while the overall expression of SP/NKA is decreased in

DRG neurons after nerve injury, it is elevated in some AO- and Afl-fiber DRG

neurons (Noguchi et al., 1995), indicating that SP/NKA can influence central

sensitization via A■ -fiber sprouting. Campbell et al. (1998) have recently

shown that NK-1R antagonists reduced behavioral hyperresponsiveness

induced by nerve injury in the guinea pig.

In summary, previous studies provided evidence for an important

contribution of SP/NKA to nociceptive processing in response to noxious

stimuli. However, many of the conclusions concerning the contribution of

TKs are not firmly established. In this study, I addressed some of the

questions through phenotypic analysis of SP/NKA mutant mice. Chapter 2

describes the generation of SP/NKA mutant mice and compares the

phenotype of wild type and mutant mice in response to various acute

noxious stimuli. The contribution of SP/NKA to nociception in a persistent

pain condition was also addressed. I also compared the phenotype of

SP/NKA mutant mice and that of NK-1R mutant mice. Chapter 3 describes

the dramatic changes of delta-opioid receptor immunoreactivity in SP/NKA

mutant mice and discusses how that might confound results of behavioral

teStS.

13



Table1-1.MammalianTachykininReceptors ReceptorEC50(M)
*

SubtypeSPNKANKB NK-1(SPR)
3x10-95x10-83.6x10-7SP-NKA
>
NKB NK-28.7x10-66x10-83.4x10-7NKA

>
NKB>SP NK-31.9x10-72.9x10-84.2x10-10NKB>NKA>SP

*
EC50(half-maximaleffectiveconcentration)
is
generated
by
measuring binding

toTKreceptorsexpressed
in
Xenopusoocytes.

T



PPTA gene:

transcription initiation site

1 2 3 4 5 6

SP NKA

PPTA mRNA:

Cº-PPT — P-\ 7– R /~s
- - T

W \/ V > < ~ T

BPPT - F- ,— FM /~, 2–s 2^

y PPT -\ ^ /–N - ,-\, ,—s 2
V N/ N/ S.J.' `SJ’

substance P (sP) Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2

neurokinin A (NKA) His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2

neurokinin B (NKB) Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2

Figure 1-1. Mammalian PPTA gene, mRNA and peptides
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Chapter Two

Generation of PPTA mutant mice and

characterization of their nociceptive responses
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Abstract

The excitatory neurotransmitter, glutamate, coexists with SP/NKA in

primary afferents that respond to noxious stimulation (De Biasi and Rustioni,

1988). Because blockers of glutamate receptors reliably reduce nocifensive

behavior (Wilcox, 1991; Meller et al., 1993; Hunter and Singh, 1994), it is

assumed that “pain" messages are mediated by a glutamatergic action on

dorsal horn neurons. The contribution of SP/NKA, however, is still unclear.

I have disrupted the mouse PPTA gene, which encodes both SP and NKA. I

find that although the behavioral response to mildly noxious stimuli is intact

in these mice, the response to moderate to intense noxious stimuli is

significantly reduced. Neurogenic inflammation, which results from

peripheral release of SP and NKA, is almost completely absent in the mutant

mice. I conclude that release of SP/NKA from primary afferent nociceptors is

required to produce moderate to intense pain.
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Introduction

Although SP and NKA are synthesized together, most studies have focused

on the contribution of SP. Rather than being necessary for the experience of

pain, SP is considered to be a neuromodulator that alters the excitability of

dorsal horn nociceptive neurons (Rusin et al., 1992). Other studies, however,

indicate that SP may come into play under conditions that are different from

those that evoke the release of glutamate exclusively. For example, higher

frequencies of primary afferent stimulation are required to evoke the release

of SP compared to glutamate (Duggan et al., 1995; Marvizon et al., 1997).

Furthermore, in dorsal horn neurons, noxious stimulus-evoked

internalization of the NK-1 receptor, a marker of SP release, occurs in the

normal animal only when stimulus intensities are well above the threshold

for pain (Mantyh et al., 1995; Abbadie et al., 1997). Based on these studies, I

hypothesize that whereas glutamate signals all intensities of pain, SP may be

required for the signaling of moderate to intense pain.

To test this hypothesis I studied a variety of pain behaviors in mice with a

targeted deletion of SP and NKA.
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Methods

Gene targeting and breeding strategy

A pair of PCR primers were designed according to the 5' and 3' sequence of

mouse PPTA cDNA to amplify the 7 kb fragment of the entire PPTA gene

from C57BL/6] mouse genomic DNA by long PCR. This clone of mouse

PPTA gene was used as template to generate PPTA fragments as short and

long arms. To target deletion of SP and NKA, I replaced the SP coding region

in exon 3 of the PPTA gene with PGK-neo and deleted the NKA coding region

in exon 6. The targeting vector was derived from pnTK by introducing a 1.1-

kb genomic fragment 5’ of the SP coding region upstream, and a 6.2-kb

fragment 3' of SP coding region, downstream of PGK-neo. The linearized

gene-targeting vector was then transfected into embryonic stem (ES) cell line

CB1-4 (Li et al., 1995) by electroporation. ES clones were picked and expanded

after G418 and FIAU selection (Wurst and Joyner, 1993).

To generate 5' and 3' external probes to screen the ES clones, sequences

flanking the 7 kb PPTA gene were amplified with a Clontech PromoterFinder

DNA Walking kit. Homologous recombination in ES cells was confirmed by

Southern blotting after EcoRI digestion and hybridization with 5', 3’ and neo

probes. The deletion of the NKA coding region was confirmed by PCR. Two

of the positive clones microinjected into CD-1 morula stage zygotes gave rise

to chimeric offspring, which were crossed to CD-1 mice to produce

heterozygotes. Non-sibling heterozygotes were crossed to generate wild type,

heterozygous and homozygous mutant mice.
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To generate PPTA mutant mice on a relatively homogeneous genetic

background, heterozygotes were backcrossed with either wild type CD-1 or

C57BL/6] mice for 7 generations to get breeding pairs on 99% CD-1 or

C57BL/6] background.

The NK-1 R mutant mice were on a 129xC57BL/6] mixed genetic

background (Bozic et al., 1996). All mice were housed in a temperature- and

humidity-controlled environment with a 12 hour light-and-dark circle and

had free access to food and water. All experiments were reviewed and

approved by the Institutional Care and Animal Use Committee at the UCSF.

Immunocytochemistry

Mice were anethetized with i.p. pentobarbitol (200mg/kg) and were perfused

transcardially with 10% formalin. Frozen sections of brain and spinal cord

were cut transversely at 30 pm. DRG and trigeminal ganglia were cut at 10

pum on a cryostat. Immunocytochemistry were performed with antisera

directed against SP, NKA, CGRP, galanin, neuropeptide Y, somatostatin

(Peninsula Labs; 1:50,000), the NMDA receptor R1 subunit (Liu et al., 1994) or

the NK-1R (1:20,000; Vigna et al., 1994) as previously described (Abbadie et al.,

1996 and 1997).

Autoradiography/receptor binding

Tissues were cut transversely at 15 pm on a cryostat and bound with 100 pm

of either "I-SP (Amersham), *I-NKA (New England Nuclear) or
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*I-NKB (New England Nuclear). Autoradiographic analysis was then

performed as previously described (Mantyh et al., 1989). In all cases, the

density of binding of the wild type is presented as 100 +/- s.e.m. and the

density of binding for the heterozygous and mutant mice was compared to

this value.

NK-1R internalization

Mice were anesthetized with i.p. pentobarbitol (200mg/kg). A two-minute

pinch was applied on the left hindpaw by a hemostat to induce maximum

internalization of NK-1R in the spinal cord. Mice were perfused 5 minutes

after the pinch. Sagittal section of the lumbar spinal cord were stained with

NK-1R antibody and examined with confocal microscopy (Abbadie et al.,

1997).

The effect of intrathecal injection of SP or NKA

Awake mice were intrathecally injected with 150 ng SP or 150 ng NKA in 5 pil

saline at the junction of the L5/L6 vertebra (Hylden and Wilcox, 1981). The

duration of caudally-directed licking, biting or scratching was measured from

0 to 5 min after the injection.

The effect of intrathecal injection of AMPA, kainic acid or NMDA

Awake mice were intrathecally injected with 200 pmol AMPA, 100 pmol

kainic acid or 250 pmol NMDA respectively. The duration of caudally
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directed licking, biting or scratching was measured from 0 to 5 min after the

injection.

General motor function

Two and 6 month-old mice of both sexes were observed in an illuminated,

sound-attenuated open field (30 x 30 cm, with lines dividing the floor into 3 x

3 squares) for 10 min. We counted the number of squares and center squares

crossed. One-, 3- and 6-month-old mice of both sexes were also tested on a

rotating rod, after three training sessions. We measured the average time (3

trials) that the mice stayed on the rod as it accelerated from 4 to 40 rpm over a

5 min period.

Stress-induced analgesia

Nine-week-old male mice were let to swim in 5°C water for a 3-min period,

then patted dry with paper towels. The latency to lick or jump on a 52.5°C hot

plate was measured before and 10-min after the swim. Sixty sec was used as

cutoff. Percent antinociception was expressed as 100 x (latency after swim

latency before swim)/(60-latency before swim).

Learned helplessness

The tail-suspension test was performed as described (Steru et al., 1985). Nine

week-old male mice were suspended by their tails for 6 minutes, and the
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amount of time they spent immobile were recorded from 2 to 6 min after the

suspension.

Responses to noxious stimuli

Mice of both sexes were used (9 to 15 weeks of age). Each mouse was

acclimatized in the test apparatus for 30-60 min. All experiments were done

blind as to the genotype of the mice and the data were analyzed by ANOVA

with Fisher's PLSD post hoc test.

1) Thermal stimuli

We recorded the latency to lick the hindpaw or to jump on a hot plate. The

cut-off time was 60 sec for the 52.5°C hot plate and 30 sec at 55.5°C and 58.5°C.

We also measured thermal paw withdrawal latencies to radiant heat

(Hargreaves et al., 1988). The latency to jump on the 0°C cold plate was tested

as well. In the experiment to test the effect of NK-1R antagonist, GR205171 A

(a NK-1R antagonist, 10mg/kg or 100mg/kg in saline) was injected s.c. into

PPTA wild type and mutant mice and latency to respond on the 55.5°C hot

plate was recorded before as well as 20 and 50 min after s.c. injection.

2) Mechanical stimuli

We determined the withdrawal threshold of the hindlimb to a mechanical

stimulus using calibrated von Frey hairs (Chaplan et al., 1994) and the latency

to respond (lick or bite) to an intense mechanical stimulus (a clip applied to

the tail).
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3) Chemical stimuli

We evaluated the time spent licking the hindpaw after an intraplantar

injection of 4.5 pig capsaicin at intraplantar surface during 0-5 min after the

injection (Sakurada, et al., 1992). Paw edema was measured with a spring

loaded caliper 30 min after the injection of capsaicin. For the formalin test, an

intraplantar injection of 10 pil dilute formalin (0.6, 1.25 or 2.0%) into the right

hindpaw was performed and mice were then monitored for total licking time

during phase 1 (0 to 10 min after injection) and phase 2 (10 to 45 min after

injection). Paw edema was measured 45 min after formalin injection.

4) Visceral stimuli

We counted the number of abdominal stretches that occurred within 20 min

after i.p. injection of 5.0 ml/kg 0.6% acetic acid, a stimulus that produces

visceral pain with inflammation, or within 5 min after i.p. injection of 120

mg/kg MgSO, which produces visceral pain without inflammation.

5) Persistent injury models

Tissue injury was produced by intraplantar injection of 10 pig CFA (complete

Freund's adjuvant) in 20 pil mineral oil (50%). To reproduce nerve injury, we

ligated approximately 1/3 to 1/2 of the sciatic nerve in the midthigh (Seltzer

et al., 1990; Malmberg and Basbaum, 1998). One and 3 days after the CFA and

before and up to 2 weeks after nerve injury we measured the thermal and

mechanical paw withdrawal thresholds using radiant heat and von Frey

hairs, respectively. We also measured paw edema produced by CFA.
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The antinociceptive effect of systemic morphine

Morphine was injected subcutaneously at doses that ranged from 0.3 mg/kg to

10mg/kg. Latency to respond on the 55.5°C or 52.5°C hot plate was measured

before and 20-40 min after the injection. Percent maximum analgesic effect

(%MAE) was expressed as (latency after injection-latency before injection)/(60

latency before injection)x100.

Plasma extravasation

Anesthetized mice (ketamine: 50mg/kg; xylaxine: 10mg/kg) were injected

with 30 mg/kg Evan's blue through the tail vein. Five min later we painted

both sides of the right ear with a solution of 250 pig capsaicin in acetone.

Thirty min later mice were euthanized with pentobarbital (200 mg/kg). We

extracted the extravasated Evan's blue from the ear with formamide and

measured its concentration spectrophotometrically at 620 nm. The

contralateral, control ear was painted with the acetone vehicle.

Capsaicin-induced desensitization

Mice were intrathecally injected with 1 pig capsaicin in 5 pil 5% DMSO/saline.

Tail flick latencies were measured before and 5 days after intrathecal capsaicin

treatment.
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Results

General characterization of the PPTA mutant mice

I have generated mice with a targeted deletion of SP and NKA (Figure 2-1).

Homozygous progeny had the expected Mendelian frequency and were

healthy and fertile. Litter size and maternal behavior were normal.

We did not detect SP or NKA immunoreactivity in the brain (data not

shown) or the spinal cord of the mutant mice (Figure 2–2). Gross histology

showed no obvious abnormality in the brain and the spinal cord of the

mutant mice. Autoradiographic mapping revealed normal levels of the

three major tachykinin receptors (NK-1, 2 and 3) in the CNS (Maggi, 1995) and

in peripheral tissue (ileum; Table 2-1). Intrathecal injection of SP or NKA

elicited similar behavioral response in both wild type and mutant mice

(Figure 2-3), suggesting that the integrity of tachykinin receptors in the spinal

cord of the mutant mice was maintained. Moreover, the immunostaining

pattern for the NK-1 receptor was not altered in the mutant mice, and the

pattern and density of dorsal horn and/or dorsal root ganglion (DRG) staining

for the peptides, calcitonin gene-related peptide (CGRP), galanin,

neuropeptide Y (NPY) and somatostatin were unchanged. Noxious

stimulation (2 min pinch of the hindpaw) induced massive internalization of

the NK-1 receptor in dorsal horn neurons of wild type but not at all in

mutant mice (data not shown).

The integrity of glutamate receptors in the spinal cord was also assessed in

PPTA mutant mice. Intrathecal injection of AMPA, kainic acid or NMDA
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elicited caudally-directed licking and/or biting of similar magnitude in PPTA

wild type and mutant mice (Figure 2-4), suggesting that glutamate-mediated

acute response in the spinal cord was not altered in PPTA mutant mice.

The PPTA mutant mice had normal performance on a rotating rod and

normal level of activity in an open field. The stress-induced analgesia in the

cold water swim test and the magnitude of learned helplessness in the tail

suspension test did not differ in PPTA wild type and mutant mice (data not

shown).

Abnormal responses to noxious stimuli in PPTA mutant mice

The PPTA wild type and mutant mice had similar response latencies on

the cold plate (Figure 2-5). The latency to respond to a mildly painful

stimulus (a 52.5°C hot plate) did not differ in the wild type and mutant mice

(Figure 2-6a). When the plate temperature was increased to 55.5°C, the

latency to respond decreased in the wild type but not in the mutant mice. At

a higher temperature (58.5°C), the latencies in the two groups were again the

same. Because the hot plate evokes behavior that is integrated at the spinal

and supraspinal levels, it is difficult to specify the locus of the contribution of

SP/NKA. Comparable results, however, were observed in a test that

monitors reflex withdrawal to noxious heating of the hindpaw (Figure 2-6b).

Taken together, these results indicate that primary afferent-derived

tachykinins are required for normal thermal pain responsiveness, but only to

a “window" of noxious thermal stimulus intensities.
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Although the threshold for evoking a withdrawal reflex of the paw to a

punctate mechanical stimulus did not differ in wild type and mutant mice

(Figure 2-6c), the latency to respond to a more intense mechanical stimulus

(tail clip) was significantly prolonged in the mutant mice (Figure 2-6d). The

pain behavior (licking) evoked by a hindpaw injection of capsaicin, an

intensely noxious chemical stimulus that directly activates C-fibers, was also

significantly reduced in the mutant mice (Figure 2-7a). The behavior of the

heterozygote in response to capsaicin did not differ from the wild type (see

below). We also found decreased pain behavior in the first phase of the

formalin test, which provides a different measure of the acute pain produced

by direct chemical activation of C-fibers (Figure 2-7b). Just as we observed for

noxious heat, the intensity of the noxious chemical stimulus proved critical

to revealing the contribution of SP/NKA. Thus, first phase pain behavior in

response to 0.6% formalin was comparable in wild type and mutant mice, but

increasing the concentration to 1.2% increased the pain behavior only in wild

type mice. With 2.0% formalin, the magnitude of pain behavior in wild type

and mutant mice did not differ. Regardless of formalin concentration, we

found no difference in pain behavior in the second phase, which is proposed

to result from a central sensitization process set up by activity during the first

phase. This argues against an obligatory contribution of tachykinins to central

sensitization. Finally, we tested the mice in two models of acute visceral

pain, one (MgSO4) that induces an immediate pain response that is

independent of inflammation (Koster et al., 1959; Gyires and Torma, 1984),
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and one that is secondary to a delayed inflammatory response (intraperitoneal

acetic acid). In both cases, we found reduced pain behavior in the mutant

mice (Figures 2-7c,d).

These results indicate that tachykinins are released by polymodal

nociceptive afferents (Lawson et al., 1997) and are critical neurotransmitters

for the transmission and production of moderate to intense pain messages

across modalities and from both somatic and visceral tissues. It follows from

this conclusion that the dose of morphine required to produced analgesia

would be lower in the PPTA mutant mice, but only at critical stimulus

intensities. Consistent with this hypothesis, we found that the half-maximal

effective dose (ED.) for morphine analgesia in the 55°C hot-plate test was

significantly lower in the mutant (EDso-1.5 mg/kg) than in the wild type mice

(EDso-3.9 mg/kg), but there was no difference when the stimulus was 52.5°C

(mutant ED,-3.3 mg/kg, compared with 3.9 mg/kg for wild type) (Figure 2-8).

All of the above studies evaluated the response to acutely painful stimuli.

Because clinical pain conditions that occur in the setting of persistent injury

are characterized by significant decreases in the threshold for evoking pain,

we also studied mechanical and thermal nociceptive thresholds in a CFA

(complete Freund's adjuvant)-induced model of inflammatory/nociceptive

pain and in a nerve-injury-induced model of neuropathic pain (Malmberg et

al., 1997). We found that the allodynia (decreased nociceptive threshold) was

the same in the wild type and mutant mice (Figure 2-9 and 2-10); so were the

injury-induced anatomical changes in the spinal cord, for example, c-fos- and
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NK-1R-ir 3 days after CFA injection; NK-1R-, galanine-, NPY- and CGRP-ir 2

weeks after axotomy. These results indicate that the nerve-growth factor

mediated increase in SP that occurs in a CFA-treated animal (Safieh

Garabedian et al., 1995) is not necessary for the development and

maintenance of allodynia and that injury-induced central sensitization can

occur in the absence of SP/NKA.

The inflammatory response in PPTA wild type and mutant mice

The importance of SP and NKA in neurogenic inflammation (Amann et al.,

1995) was also evident in the mutant mice. Specifically, we found a profound

reduction of plasma extravasation, namely the leakage of protein from

postcapillary venules, following topical application of capsaicin to the ear

(Figure 2-11a). The edema produced by hindpaw injection of capsaicin was

also reduced in the mutant mice (Figure 2-11b). The magnitude of edema

resulting from a similar injection was reduced in the heterozygote (Figure 2

11b), as was the plasma extravasation after application of capsaicin to the ear

(Figure 2-11a). By contrast, the inflammation produced by CFA, which is non

neurogenic so does not depend on the integrity of primary afferent fibers

(Hylden et al., 1992), was the same in the wild type and mutant mice (Figure

2-11c). These results indicate that there is a dissociation in the central and

peripheral contribution of tachykinins that derive from primary afferent C

fibers. Neurogenic inflammation is dose-dependently related to the

peripheral levels of SP/NKA, but a minimal content/release of these peptides
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from the central terminal of the afferent preserves the wild type pain

phenotype.

The influence of genetic background on the phenotype of PPTA mutant mice

All the above tests were performed using F2 mice on a comparable and yet

mixed genetic background from non-sibling crossing with F1 heterozygotes.

The influence of genetic background on the phenotype of knockout mice has

been well appreciated (Banbury Conference on Genetic Background in Mice,

1997). There is also mounting evidence of the enormous strain differences in

the response of mice to noxious stimuli and analgesic drugs (Mogil et al.,

1996; Elmer et al., 1998). For example, different inbred strains of mice exhibit

significantly different response latencies on hot plate (Mogil et al., 1997) and

the magnitude of spontaneous behavior after intraplantar injection of dilute

formalin (Mogil et al., 1998). This prompted us to backcross the heterozygote

mice to C57B1/6] (B6) background. N7 (99% homogeneity) mice on a B6

background were subjected to several behavioral tests using the same

paradigms as the ones that have been applied to F2 mice.

PPTA mutant mice on B6 background showed a normal performance in

motor activity (line crossing) and learned helplessness (tail suspension) tests.

Like F2 mutant mice on a mixed genetic background, they showed decreased

responses only on the 55.5°C but not on the 52.5°C or 58.5°C hot plate (Figure

2-12). After receiving intraplantar injection of 2% dilute formalin, mutant

mice on B6 background showed responses of similar magnitude as compared
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with responses of the wild type mice on B6 background (Figure 2-13). These

results indicate that the phenotype observed in F2 PPTA mutant mice was

indeed due to the lack of SP/NKA.

Response to noxious stimuli in NK-1R mutant mice

To test if the phenotype that we observed in PPTA mutant mice resulted from

loss of SP/NKA action at the NK-1 receptor, we examined NK-1R mutant

mice (Bozic et al., 1996) under the same experimental conditions as we tested

PPTA mutant mice.

NK-1R mutant mice showed a decreased response to intraplantar injection

of capsaicin as well as a decreased paw edema (Table 2-2), although the deficit

was less profound than that of PPTA mutant mice. The latency to respond on

the 55.5°C hot plate or to tail pinch, and the number of abdominal stretches

induced by acetic acid, did not differ between the wild type and NK-1R mutant

mice (Table 2-2), which is in clear contrast to the phenotype we observed in

PPTA mutant mice.

The phenotypic difference between PPTA mutant mice and NK-1R

mutant mice indicated that the loss of SP/NKA action at the NK-1R site

contributes partially to the deficits we observed in PPTA mutant mice. Yet

this conclusion is tempered by the fact that these two mutant mice are on

different genetic backgrounds. To further test if SP/NKA act exclusively

through NK-1R in the spinal cord, we treated wild type mice with a NK-1R

antagonist GR205171A, which blocked hind paw pinch-induced NK-1R
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internalization and reduced thermal stimulus-induced internalization in rats

(Trafton, personal communication), and tested their response latency on the

hot plate at various temperatures. As shown in Figure 2-14, GR205171A did

not affect the response latency on hot plate in either wild type or PPTA

mutant mice at any temperature tested. This added proof to our conclusion

that SP/NKA did not act exclusively through NK-1R in the central nervous

system.

The contribution of SP/NKA and/or their metabolites to capsaicin-induced

desensitization

Intrathecal injection of capsaicin, which directly activates central terminals of

primary afferent C-fibers, causes long-lasting hyporesponsiveness

(desensitization) to noxious thermal and chemical but not mechanical

stimulation as well as a decrease of SP- and CGRP-ir in the dorsal horn of the

spinal cord (Yaksh et al., 1979; Gamse 1982). The mechanism underlying the

capsaicin-induced desensitization has been under debate. Capsaicin-induced

depletion of the central SP pool has been proposed to be responsible for the

desensitization (Yaksh et al., 1979), yet another study (Goettlet al., 1997)

indicated that the desensitization occurred before the capsaicin-evoked release

of SP had occurred. Instead, it has been proposed that the accumulation of SP

N-terminal metabolites, mainly SP1-7, contributed to capsaicin-induced

desensitization (Mousseau et al., 1994; Goettlet al., 1997). The PPTA mutant

mice provide an ideal model to test this hypothesis as they lack both SP/NKA
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as well as their metabolites. In wild type mice, there was a significant increase

in tail flick latency 5 days after intrathecal injection of capsaicin. The same

increase in tail flick latency was also observed in the mutant mice, arguing

against the contribution of SP metabolites to capsaicin-induced

desensitization (Figure 2-15).
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Discussion

We have shown that mice carrying a disruption of the gene encoding

SP/NKA have significantly reduced nociceptive responses when the stimuli

are moderate to intense. The contribution of SP/NKA is neither modality

nor tissue-specific; pain behaviors evoked by thermal, mechanical and

chemical stimulation of somatic and visceral tissues are reduced in the

mutant mice. The behavioral results suggest that glutamate is the relevant

neurotransmitter when the intensity threshold for pain is crossed and that

higher stimulus intensities evoke the release of SP/NKA; at the highest

intensities, as-yet undefined systems must come into play. The fact that we

observed normal thermal and mechanical allodynia after tissue and nerve

injury in PPTA mutant mice further indicated that tachykinins are one of the

multiple parallel transmitter/receptor pathways that are involved in C-fiber

synaptic transmission; and SP/NKA are not essential for the induction

and/or maintenance of central sensitization. Finally, the results we obtained

by using morphine in the mutant mice indicate that combination of an

appropriate neurokinin receptor antagonist and morphine may prove

effective for the relief of moderate to intense pain, with fewer side effects,

using lower doses of morphine that are typically required when opioids are

used alone.

We did not observe the same deficit in the response to acute thermal,

mechanical and visceral stimuli in NK-1R mutant mice as we did in PPTA

mutant mice. We concluded that SP/NKA did not act exclusively through
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NK-1R in the central nervous system (CNS) under these conditions.

Although anatomical evidence for the existence of NK-2 receptors in the CNS

is scarce, the expression of NK-3 receptor was abundant. And both NK-2R

and NK-3R have been implicated in nociceptive processing using antagonists

(Laneuville et al., 1988; Munro et al., 1993; Ma and Woolf, 1995). Differences

in test paradigms and the fact that antagonists are rarely completely selective

for a particular receptor makes it difficult to compare the studies. A loss of

input to the NK-2 and NK-3 receptors could certainly contribute to differences

between the PPTA mutant and NK-1R mutant mice. In addition, two lines of

evidence further support this argument. First, we showed that the deficit of

PPTA mutant mice in the hot plate test was independent of genetic

background. Secondly, the NK-1R antagonist GR205171A did not alter the

response in the hot plate test. Thus, the different genetic background and/or

the different compensatory changes in these two mutant strains seemed

unlikely to contribute to the discrepancy we observed here. Nevertheless,

these factors as well as the different developmental action of SP/NKA and

NK-1R; and the different experimental paradigm used in each lab may very

well lead to the discrepancy between these two mutant strains in other

behavioral tests (Woolf et al., 1998). For example, De Felipe et al (1998)

reported that NK-1R mutant mice had a 50% reduction in pain behavior in

the late phase of the formalin test, decreased swim-induced analgesia and

decreased aggressiveness. However, the PPTA mutant mice behaved

normally in the late phase of formalin test and swim-induced analgesia; they
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actually had marked increase in both aggression (resident/intruder paradigm)

and isolation-induced neonatal ultrasound vocalizations (Rupniak, personal

communication).

The disruption of PPTA gene not only leads to the loss of SP/NKA but

also the loss of their metabolites. N-terminal SP, SP(1-7), has been implicated

to have mainly an inhibitory effects on nociceptive processing in some

studies (Igwe, et al., 1990; Hornfeldt et al., 1994; Mousseau et al., 1994; Goettlet

al., 1994, 1997). Other studies also reported inhibitory functions of SP (Kream

et al., 1993; Yashpal et al., 1976, 1995). The loss of inhibition due to the failure

to accumulate SP(1-7) might explain why the PPTA mutant mice have no

deficit in models mimicking persistent pain states. However, both PPTA wild

type and mutant mice exhibited capsaicin-induced desensitization, indicating

that the loss of SP(1-7) contributes little to the phenotype of the PPTA mutant

mice.

In summary, the PPTA mutant mice are less responsive to moderate to

intense pain than the wild type mice; however, they respond to mildly

noxious stimuli normally. Some of the phenotypes we observed in PPTA

mutant mice do not exist in the NK-1R mutant mice, suggesting that

SP/NKA may act on other neurokinin receptors other than NK-1R, although

this conclusion is tempered by the difference in genetic background and in

Secondary changes due to the loss of target gene between these two mutant

Strains.
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Table 2-1 Density of neurokinin receptor binding sites in PPTA", PPTA’’’
and PPTA/ mice.

Cerebral Striatum Spinal Cord Ileum
Cortex

100 + 18 100 + 27 100 + 22 100 + 20
NK-1 HZ 93 + 20 102 + 4 109 + 13 88 + 16

KO 103 + 27 95 + 10 96 + 19 91 + 25

- - -
100 + 21

NK-2 HZ
- - -

124 + 18
KO

- - -
106 + 24

100 + 17 100 + 18 100 + 27
-

NK-3 HZ 74 + 21 87 -H 16 11.5 + 14
-

KO 94 + 14 1.11 + 25 89 + 23
-

Wild-type, WT; heterozygote, HZ, and homozygous mutant, KO. The
density of receptor binding sites in WT animals was assigned a value of
100 +/- s.e.m. and the densities of binding in HZ and KO animals were
compared to this value. There were no statistically significant differences
(ANOVA; p > 0.05) in the density of NK-1, NK-2 or NK-3 binding sites
between the WT, HZ and KO animals, in any of the four brain areas tested
or in the ileum. The measurements were made from lamina I-V of the
spinal cord dorsal horn and in the circular and longitudinal muscles of the
ileum. Dashes indicate that no specific binding sites could be detected.
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Table2-2Phenotypiccomparison
ofPPTAandNK-1Rmutantmice.

55.5°Chotplate licking/jumping latency(sec)

PPTAWt

ko

NK-1Rwit

ko

14.2+1.5 21.5+2.3* 9.4+0.8 9.0+1.6

LickinglatencyNo.of
abdominalCapsaicin-induced

totailpinch (Sec) 7.6+0.8 13.3+2.5* 21.0+5.0 21.6+4.1

stretchesbyi.p.
aceticacid 33.1+2.0 12.8+3.1*** 14.9+3.9 19.1+3.3

licking(Sec) 68.7±10.7 14.7±4.6** 32.3+3.5 19.6+3.2*

Capsaicin-induced changeofpaw thickness(mm) 0.46+0.05 0.09+0.04*** 0.64+0.06 0.46+0.05
*

wt:wildtype;ko:
homozygousmutant.PPTAwtandkomice(n=6-21)areF2CD-1
x

C57BL/6].NK-1Rweandko mice(n=9)areF2129x

C57BL/6].
*:
P-0.05;*:P-0.01;*:P-0.001as
comparedwithwtgroup.
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Figure 2-1 Generation of PPTA mutant mice.
a. PPTA genomic locus, targeting vector and targeted allele. After
homologous recombination, pCK-neo replaces the SP coding region and
the NKA coding region is deleted. b. Southern blot of genomic DNA from
targeted and wild-type embryonic stem cell clones, digested with EcoRI
and probed with a 5' fragment outside the targeting vector. The position
of the targeted (KO) and wild-type (WT) alleles are shown. c. PCR of tail
DNA from one litter of a heterozygous crossing, using primers that flank
the NKA coding region. The position of the targeted and wild-type alleles
are shown.



a. SP-ir in PPTA +/-- b. SP-ir in PPTA -/-

-

c. NKA-ir in PPTA +/4 d. NKA-ir in PPTA -/-
---

Figure 2-2 SP and NKA immunoreactivity (ir) are absent in the PPTA mutant mice.
a,b, SP-ir in lumbar spinal cord sections from wild type (a) and mutant (b) mice.
c,d, NKA-ir in lumbar spinal cord sections from wild type (c) and mutant (d) mice.
In the wild type, the immunoreactivity is concentrated in the superficial laminae
of the dorsal horn; there is no staining in the mutant.
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Figure 2-3 Responses to intrathecally injected SP or NKA in PPTA wild type
and mutant mice. The duration of caudally-directed licking and/or biting in
response to intrathecally injected SP or NKA did not differ in PPTA wild type
(wt, white bar, n=6) and mutant (ko, black bar, n=6) mice.
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Figure 2-4 Responses to intrathecally injected AMPA, kainic acid or NMDA
in PPTA wild type and mutant mice. The duration of caudally-directed
licking and/or biting in response to intrathecally injected AMPA, kainic
acid or NMDA did not differ in PPTA wild type (wt, white bar, n=5) and
mutant (ko, black bar, n=5) mice.
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Figure 2-5 The latency to respond on 0°C cold plate did not differ in PPTA
wild type (white bar, n=8) and mutant (black bar, n=9) mice.
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Figure 2-6 “Pain" responses to different thermal (a,b) or mechanical (c,d)
stimulus intensities. a. Licking/jump latency in the hot plate assay (n=12);
at 55.59C the homozygous mutant mice (black bars) showed a decreased
pain response compared to wild type (white bars). b. Paw withdrawal
latencies to noxious thermal stimuli (n=8); at midrange intensities (8.0 volts)
the mutant mice also showed a decreased pain response. c. Withdrawal
threshold to a mechanical stimulus (von Frey hair; n=16); wild type and
mutant mice do not differ. d. Response latency to tail clip (wild type: n=31,
homozygous mutant: n=21); the pain response of the mutant mice is
significantly delayed. *: P ×0.01.
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Figure 2-7 "Pain" responses to noxious chemical stimulation of cutaneous (a,b)
or visceral (c,d) tissue. a. Duration of licking in response to intraplantar injection
of capsaicin (4.5 mg; n=8) is significantly reduced in mutant mice (black bars)
compared to wild type (white bars) and heterozygous mice (gray bars); the last
two groups do not differ. b. Duration of licking during phase I of the formalin
test (n=8; 0-10 min); only after an injection of 1.2% formalin is the reduced
response of the mutant mice apparent. c.d. Visceral pain response (abdominal
stretching) produced by intraperitoneal (i.p.) injection of dilute acetic acid (c),
a stimulus associated with inflammation (n=12) or i.p. injection of MgSO4 (d),
a stimulus that produces pain without inflammation (wild type: n=19,
homozygous mutant: n=16). In both tests, the mutant mice showed
significantly decreased responses. *: P-0.05, *: P ×0.01, *: P ×0.001.
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Figure2-10Development
ofnerveinjury-inducedallodynia
inPPTAwildtypeandmutantmiceafter partialligation
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Figure2-13Formalintestinmiceof
differentgeneticbackground.
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Figure 2-14 The effect of a NK-1R antagonist GR205171A in PPTA
wild type and mutant mice. At the temperatures tested, the
antagonist did not alter the response latency of either wild type
or mutant mice on the hot plate.
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Figure 2-15 Intrathecal capsaicin-induced desensitization of the tail flick
response. Intrathecal injection of 1 pig capsaicin increased the response
latency to tail flick in both the PPTA wild type (white bars) and mutant
(black bars) mice. day 0: baseline tail flick latency before the injection;
day 5: tail flick latency measured 5 days after it. injection.
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Chapter Three

Disruption of PPTA gene expression leads to

abnormal subcellular distribution of delta

opioid receptor protein
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Abstract

The PPTA gene which encodes SP and NKA is expressed in a subset of small

diameter primary afferent neurons. Delta opioid receptor immunoreactivity

(DOR-ir) in primary afferent neurons is mainly found in cells that contain SP

and NKA, and is localized on the membrane of dense core vesicles in Soma

and in terminals that project to the peripheral tissue and the dorsal horn of

the spinal cord. In mice that have disrupted PPTA gene, DOR-ir from

primary afferent terminals is almost completely absent in the dorsal horn of

the spinal cord. This phenomenon is not mediated through NK-1 receptor,

nor is it due to the decrease of DOR protein synthesis. We propose that the

loss of PPTA gene products lead to abnormal subcellular distribution of DOR

protein in primary afferent neurons, suggesting a direct interaction between

pronociceptive tachykinin system and the presynaptic antinociceptive system

of endogenous opioids. Moreover, the loss of DOR-ir in PPTA deficient mice

lead to an attenuation of analgesic effect of the 61 agonist DPDPE but the effect

of the 62 agonist deltorphin is unchanged; indicating that the presynaptic

DOR in the dorsal horn of the spinal cord is predominantly of 61 subtype,

while the postsynaptic DOR is mainly of 62 subtype.
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Introduction

The delta opioid receptor (DOR) is a member of the opioid receptor family of

inhibitory G-protein-coupled seven-transmembrane receptors (Reisine et al.,

1996). Activation of DOR leads to cell hyperpolarization, through the

opening of Kº-channels and/or inactivation of Caº-channels by inhibitory G

proteins. Despite a large body of pharmacological evidence for the existence of

61 and 62 subtypes of the DOR (Zaki et al., 1996), molecular cloning has

identified only one gene and one open reading frame for functional DOR

(Kieffer et al., 1992; Evans et al., 1992; Gaveriaux-Ruff et al., 1997).

Furthermore, studies of the differential distribution of DOR subtypes in the

central nervous system using radioligand binding techniques have been

inconclusive.

In the dorsal horn of the spinal cord, dorsal rhizotomy leads to a 60%

reduction of DOR binding (Fields et al., 1980; Besse et al., 1990), indicating the

existence of both pre- and postsynaptic DOR. In situ hybridization studies

have also demonstrated the existence of DOR mRNA, both in the superficial

dorsal horn of the spinal cord as well as in DRGs (Mansour et al., 1994;

Minami et al., 1995). Functional presynaptic inhibitory receptors were

demonstrated by the inhibition of the release of SP from primary afferent

terminals by activation of both p- and 6-opioid receptors (Jessell and Iversen,

1977, Duggan et al., 1977; Yaksh, 1988; Aimone and Yaksh, 1989). Furthermore,

iontophoresis of the DOR agonist, enkephalin, inhibits the excitation of
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dorsal horn neurons produced by the application of excitatory amino acids

(Zieglgansberger and Tulloch, 1979; Willcockson et al., 1984) suggesting an

antinociceptive function via postsynaptic DOR.

Recently, antibodies against various N- and C-terminal domains of DOR

have been generated (Dado et al., 1993; Arvidsson et al., 1995; Cheng et al.,

1995; Bausch et al., 1995; Zhang et al., 1998). These studies revealed that the

subcellular distribution of DOR in DRG neurons is unique in comparison to

the distribution of MOR and KOR (k opioid receptor). The latter are located

on the plasma membrane (Ji et al., 1995) as are most G-protein coupled

receptors. By contrast, DOR antisera preferentially recognize presynaptic DOR

in DRG cell bodies and on the primary afferent terminals in the spinal cord.

Early studies found little evidence for postsynaptic labeling (but see Cheng et

al., 1997). In the DRG, most of the DOR-ir was found colocalized in the small

diameter neurons that also contain SP/NKA and CGRP(Zhang et al., 1998).

Ultrastructural studies further demonstrated that the DOR-ir is mainly

localized on the membrane of large dense core vesicles (LDCVs), which were

assumed to contain the peptides SP, NKA and/or CGRP. These observations

provided further evidence that presynaptic DOR regulates glutamate and

SP/NKA release from small primary afferent neurons. More recently Elde

and colleagues using fractionation studies, established that DOR is indeed

associated with a vesicle fraction that contains PPTA-derived peptides.

As described in the earlier chapters we generated mice deficient in PPTA to

study the contribution of SP/NKA to the transmission of nociceptive
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messages and to the generation of pain; other laboratories generated mice

deficient in the gene that encodes the presumed target of SP/NKA, namely

the NK-1 receptor (Cao et al., 1998; De Felipe et al., 1998; Zimmer et al., 1998).

Because targeted disruption of PPTA gene eliminates the expression of both

SP and NKA, presumably blocking signaling via both NK-1 and NK-2

receptors, we expected that the PPTA null mice would show a profound or at

least comparable deficit in the response to noxious stimuli compared to the

NK-1R mutant mice, or to animals treated with NK-1R antagonists. In fact,

PPTA mutant mice exhibited a more profound deficit in the response to acute

noxious stimuli. However, no changes in thermal and mechanical

hypersensitivity induced by inflammation or nerve injury were observed in

PPTA mutant mice. We also found no change in the second phase of the

formalin test, which also assesses a persistent pain condition. On the other

hand, both NK-1R antagonists and the disruption of the NK-1R gene reduced

responses in the formalin test (Yamamoto and Yaksh, 1991; Rupniak et al.,

1996; De Felipe et al., 1998). Moreover, NK-1R antagonists reduced the

hypersensitivity produced by tissue or nerve injury (Ren et al., 1996; Ma et al.,

1998; Campbell et al., 1998).

Clearly many factors may contribute to the differences between the

phenotype of the PPTA and NK-1R mutant mice, including the problem of

specificity in previous antagonist studies, the difference between species or

between genetic background of the mice, the function of the PPTA gene

during development, redundancy in tachykinin systems and compensatory
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changes in the mutant mice. The fact that different behavioral tests were used

in the different laboratories may also be a factor.

In our previous study, we reported normal levels of the three tachykinin

receptors in the central nervous system and in peripheral tissue as well as a

normal pattern and density of dorsal horn and/or DRG immunostaining of

other neuropeptides, such as CGRP, galanin, neuropeptide Y and

somatostatin in PPTA mutant mice (Cao et al., 1998). Intrathecal injection of

three glutamate receptor agonists, AMPA, kainic acid or NMDA, elicited

responses of similar magnitude in PPTA wild type and mutant mice,

suggesting the integrity of postsynaptic glutamate receptors in the dorsal horn

neurons in PPTA mutant mice. To test the possibility that some

compensatory changes in the endogenous opioid system may have

contributed to the maintained nociceptive processing in the PPTA null mice.

Specifically, it is possible that a reduction of the endogenous opioid system

could functionally disinhibit the pronociceptive pathway in PPTA mutant

mice. This might actually 'mask' a reduced pain phenotype of these mice.

To test this possibility we examined the expression levels of endogenous

opioid peptides and receptors in the spinal cord. Here we report that

presynaptic (i.e. terminal) immunostaining for DOR was almost completely

absent in the dorsal horn of the spinal cord of PPTA mutant mice. DOR-ir

was also absent in several other brain areas in the PPTA mutant mice, areas

which previous studies established contain high levels of PPTA products.

Through a series of studies that addressed the alteration of the DOR
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localization in PPTA mutant and wild type mice, we provide evidence that

the PPTA gene products may be necessary for the proper subcellular

localization of DOR protein in primary afferent neurons. We also provide

evidence that the abnormal distribution of DOR in PPTA mutant mice

underlies an attenuated analgesic effect of intrathecal injection of the 61

agonist DPDPE, however, the antinociceptive effect of the 62 agonist

deltorphin is unchanged.
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Methods

Mice

The generation of PPTA mutant mice has been described previously (Cao et

al., 1998). Mice used in this study were N6 generation from the original

chimeras that were generated on a CD-1 background. The NK-1R mutant

mice (Bozic et al., 1996) were generated on a 129 x C57BL/6 mixed background.

Mice were housed in a temperature- and humidity-controlled environment

with a 12-hlight-and-dark circle. They had free access to food and water. All

experiments were reviewed and approved by the Institutional Care and

Animal Use Committee at UCSF.

Immunohistochemistry

Mice were transcardially perfused with 10% formalin. Frozen sections of

spinal cord and brain were cut transversely at 30 pm and sections of

trigeminal ganglia were cut at 15pm. We immunostained sections using

antisera directed against SP, NKA, CGRP, Met-enkephalin (MENK),

dynorphin B (DynB) (all from Peninsula Labs, 1:5,000). For opioid receptor

immunostaining we used rabbit antisera against the pu-opioid receptor (MOR)

and DOR (1:5000, from Elde, R. and Incstar Inc.) and a guinea pig anti-DOR

antiserum (from Pickel V., 1:1000) as described (Abbadie et al., 1996 and 1997).
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RT-PCR

Mice were euthanized by cervical dislocation and trigeminal ganglia were

quickly dissected out, pooled and stored on dry ice. Total RNA extraction,

first strand cDNA synthesis and PCR reaction were performed according to

standard protocols. The primers used to amplify DOR cDNA were designed

to expand at least 7kb of intron sequence so as to avoid amplification from

genomic DNA. Five pig of total RNA from each sample was used for the first

strand synthesis reaction, and 1/20 of the first strand cDNA was used as a

template to amplify DOR cDNA.

Western analysis

Mice were euthanized with pentobarbital (200 mg/kg). Spinal cord and

trigeminal ganglia tissue were dissected out and homogenized in 50 mM Tris

HCl (pH 7.5) with protease inhibitors. The homogenates were centrifuged at

1,000 g for 10 min and the supernatants were centrifuged at 40,000 g for 30

min. Pellets that contained membrane proteins were washed once and

resuspended in 50 mM Tris-HCl (pH 7.5) and 1% NP-40 with protease

inhibitors. All procedures were performed at 4°C. Forty pig of membrane

preparations were loaded on 10% SDS-PAGE gel and transferred to

nitrocellulose membranes. Blots were incubated with antibodies against the

N- or C-terminal of DOR (1:5000, from Incstar and R&D) at 4°C overnight.

The ECL Western detection kit from Amersham was used.
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Analgesic effect of intrathecal DAMGO, DPDPE and deltorphin

Awake mice were intrathecally (i.t.) injected with various doses of DPDPE (a

61 agonist) or deltorphin (a 62 agonist) at the junction of the L5/L6 vertebra

(Hylden and Wilcox, 1981). The MOR agonist DAMGO was injected at 0.5

pg/mouse. Tail flick latency was measured before and 10-15 min after i.t.

injection using 10 seconds as the cutoff time. Percent maximal possible effect

(MPE) was expressed as (latency after injection-baseline)/(10-baseline)x100.

Hot plate test

The DOR antagonist naltrindole was injected subcutaneously at 5.0 mg/kg.

We recorded the latency to licking the hindpaw or to jumping on the hot

plate before and 20 min after naltrindole injection. The cut-off time was 60 sec

for the 52.5°C hot plate.

Formalin test

Naltrindole (5.0 mg/kg) was injected subcutaneously at. Five min later we

injected 10 pil dilute formalin (2.0%) into the intraplantar surface of the right

hindpaw and monitored the total licking time during phase 1 (0 to 10 min

after injection) and phase 2 (10 to 45 min after injection). Paw edema was

measured 45 min after formalin injection using a spring-loaded caliper.
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Results

DOR-ir is almost completely absent in the cell body and terminals of primary

afferent neurons

In PPTA null mice, immunostaining for SP and NKA is completely abolished

(Figure 3-1 a-d). To test the integrity of the endogenous opioid system, we

immunostained spinal cord tissue from both wild type and mutant mice with

antisera against the opioid peptides MENK, DynB and against MOR and DOR.

DOR-ir in the spinal cord of wild type mice consists of fiber staining in the

superficial dorsal horn (Figure 3-2 a, c). Higher magnification revealed that

the staining was highly punctate, as described previously (Arvidsson et al.,

1995; Cheng et al., 1995). This pattern of staining suggests that DOR-ir in the

superficial dorsal horn is predominantly localized in primary afferent

terminals. The antibodies that we used which recognizes an N-terminal

epitope (amino acid 3-17, see Figure 3-2a and amino acid 34-47, see Figure 3-2c)

appeared not to recognize postsynaptic DOR. This is despite the fact that

previous reports which used binding studies, electrophysiology or in situ

hybridization provided evidence for the existence of postsynaptic DOR (Besse

et al., 1990, Duggan et al., 1977; Mansour et al., 1994).

In contrast to what we observed in the wild type mice, DOR-ir is almost

completely absent in the dorsal horn of the PPTA null mice (Figure 3-2 b, d).

Only rarely did we detect a few immunoreactive axons in the mutant mice

(data not shown). This phenomenon was unique to the immunostaining for

DOR. Thus the pattern and density of staining for MENK-, DynB- and MOR
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appeared normal in the dorsal horn of PPTA null mice (Figure 3-3). The loss

of DOR-ir in the dorsal horn of PPTA mutant mice was observed at all levels

of the spinal cord as well as in trigeminal nucleus caudalis, i.e. in the

medullary dorsal horn. The absence of DOR immunoreactivity in these

regions was observed in the PPT-A null mice in males and females at 6 weeks

and 6 months and regardless of genetic background (F2 mutants on mixed

genetic background and N6 mutants on CD-1 background) (data not shown).

Although SP and NKA preferentially bind to NK-1 and NK-2 receptors,

respectively, the evidence for spinal cord receptors is not well established

(Routh and Helke, 1995; Cao et al., 1998). Immunostaining with NK-2

antisera did not reveal neuronal staining and there is no evidence for NK-2

receptor message in the spinal cord. Thus the NK-1 receptor is believed to be

the major target of SP and NKA in the spinal cord. To determine whether

the loss of DOR-ir in PPTA mutant mice is mediated through the NK-1

receptor, we also examined DOR-ir in the spinal cord of NK-1 receptor

mutant mice (Bozic et al., 1996). In contrast to the PPT-A null mice, we found

comparable DOR staining in the spinal cord of NK-1 receptor wild type and

mutant mice (Figure 3-2 e, f), indicating that the normal expression and/or

distribution of DOR does not depend on interaction between SP/NKA and

the NK-1 receptor.

Both DOR and PPTA protein are synthesized in cell bodies of primary

afferent neurons that are located in DRG, post-translationally modified in the

Golgi and then transported to the terminals in the spinal cord dorsal horn.
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To determine whether DOR transcription and/or translation in DRG cell

bodies was altered in the PPTA null mice, we next assessed DOR-ir in

trigeminal ganglia neurons of PPTA wild type and mutant mice. In wild type

mice, as described previously (Zhang et al., 1998), DOR is predominantly

expressed in small diameter neurons (Figure 3-4 a). At higher magnification

the immunostaining has a punctate pattern within the cytoplasm (similar to

the pattern observed for SP-ir). Furthermore, most, if not all, DOR-positive

neurons are also SP-positive and vice versa (data not shown). DOR-ir was

lost in the trigeminal ganglia neurons in PPTA mutant mice (Figure 3-4 b).

Thus, DOR-ir is absent in both the primary afferent cell body and in the

terminals of PPTA mutant mice and its disruption is independent of the

NK-1 receptor.

Mechanisms underlying the loss of DOR-ir in PPT-A mutant mice

Several alterations in the PPTA null mice could have contributed to the loss

of DOR-ir. Among the possible explanations are: death of DOR- and SP

positive primary afferent neurons; down-regulation of DOR mRNA

expression with consequent decrease of DOR protein; conformational change

of the DOR protein such that the epitope to which the antibody binds is

masked; missorting of DOR from the regulated secretion pathway to the

constitutive pathway. The latter possibility would result in an altered

subcellular localization of DOR. For example, rather than being inserted in

LDCV membrane, the DOR could be inserted in the plasma membrane, but at
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sufficiently low density that it was not detected in immunocytochemical

preparations of the DRG or spinal cord. To address these different

possibilities, the following experiments were performed.

In primary afferent neurons, each SP-positive neurons co-contain CGRP.

Thus alterations in the pattern or number of CGRP containing neurons

would suggest there was loss of SP-containing cell bodies. In fact, it has been

demonstrated that the total number of DRG neurons in PPTA mutant mice is

normal (Zimmer et al., 1998) and there are no changes in the number and

distribution of CGRP-containing neurons in the DRG (Zimmer et al., 1998).

We evaluated trigeminal ganglia for CGRP and found no alteration in the

PPTA null mice (Figure 3-4 c, d). We also found that the staining pattern of

CGRP-ir in the dorsal horn of the spinal cord in PPTA mutant mice does not

differ from that of wild type mice (Figure 3-1 e, f). We conclude that the

neurons that normally synthesize SP/NKA and DOR are intact in PPTA

mutant mice. Furthermore, the fact that the distribution of CGRP in the

dorsal horn is not altered provides further evidence that the regulatory

secretion pathway and axonal transport from the cell body to dorsal horn are

unaffected.

To address the transcription and translation of DOR message, we next

assessed DOR mRNA and protein expression by RT-PCR and Western

analysis respectively. RT-PCR of DOR cDNA from trigeminal ganglia tissue

showed that the expression of mRNA for DOR is preserved in the PPTA

mutant mice (Figure 3-5 a). We also found that a single 60kD band on
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Western blot of membrane preparation from trigeminal ganglia is recognized

in both wild type and mutant mice. Furthermore, the signal intensity does

not differ in tissue from wild type and mutant mice (Figure 3-5 b). Western

analysis using another antibody against a different epitope of DOR (C-

terminal epitope, amino acid 360-372) showed the same pattern (Figure 3-5 b).

We conclude that the loss of DOR-ir in the PPTA mutant mice was not due to

a decrease of DOR mRNA and/or protein expression in primary afferent

I■ le U11'OIlS.

To test the possibility that the loss of DOR-ir in spinal cord of PPTA

mutant mice was due to a defect in the transport of DOR protein from cell

body to terminals, we next used Western blot analysis to determine whether

DOR is present in a spinal cord membrane preparation. Both anti-DOR

antibodies revealed a similar pattern and intensity of DOR protein in the

spinal cord of both wild type and mutant mice (Figure 3-5 b). Finally,

autoradiography using *I-labeled DOR-specific ligands did not detect any

decrease of DOR protein in the dorsal horn of the spinal cord of PPTA mutant

mice (O'Donnell, personal communication), suggesting that DOR protein is

normally synthesized and transported to the primary afferent terminals.

However, we cannot exclude the possibility that the decreased presynaptic

DOR transportation to the spinal cord dorsal horn is masked in Western

analysis by the upregulation of postsynaptic DOR that is not recognized by the

antibody immunohistologically.
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To test whether the loss of DOR-ir in PPTA mutant mice resulted from a

protein conformational change that masked the epitope (amino acid 3-17), we

immunostained spinal cord tissue of wild type and mutant mice with

another antibody, which is directed against a different epitope of the DOR

(amino acid 34-47). As for the first antiserum, this antibody showed punctate

terminal staining in the superficial dorsal horn in wild type tissue, but the

staining was again absent in mutant tissue (Figure 3-2 c, d).

Based on these results, we conclude that the loss of DOR-ir in PPTA

mutant mouse spinal cord reflects an abnormal subcellular distribution of the

DOR protein rather than a decrease of protein synthesis, a conformational

change or an reduction/loss of axonal transport of DOR in PPTA mutant

mice. We suggest that in PPTA mutant mice, DOR protein, instead of being

localized to LDCV membrane, is missorted into the constitutive secretory

pathway and distributed onto the plasma membrane, i.e. in the manner

through which MOR and KOR as well as most of G-protein-coupled-receptors

are processed. Such an alteration of the subcellular distribution of the DOR

could decrease the local concentration of DOR-ir so that it is below the

detection threshold in immunocytochemical preparations. We, of course,

cannot exclude the possibility that the presynaptic DOR in PPTA mutant mice

is correctly inserted into the LDCV membrane and transported to the

terminal, but that it undergoes a conformational change that masks the

epitope from amino acid 3-47, i.e. the entire N-terminal, so that both

antibodies against N-terminal DOR fail to recognize the antigen. Although
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immunostaining with antisera directed against the C terminal could address

the latter possibility, unfortunately the only available antibody directed

against the C-terminal epitope of DOR did not give satisfactory staining in

spinal cord tissue. This made it impossible to compare the pattern of staining

with this antiserum in wild type and mutant tissue.

Functional consequences of DOR-ir loss in the PPTA mutant mice

The anatomical evidence of a loss of presynaptic DOR-ir in PPTA mutant

mice prompted us to evaluate whether functional consequences of this loss

could be demonstrated. To this end we measured the antinociceptive effect of

different opioid receptor agonists in the mutant mice. Because previous

pharmacological studies provided considerable evidence for the existence of

multiple DOR subtypes in the central nervous system (Zaki et al., 1996), we

tested the antinociceptive effect of intrathecal (i.t.) injection of both a 61

agonist, DPDPE, and a 62 agonist, deltorphin, in the tail flick test. The

baseline tail flick latency did not differ in PPTA wild type and mutant mice

(Figure 3-6). The antinociceptive effect of it. injection of 0.5 pig DAMGO, a

potent MOR-selective agonist, was also normal (Figure 3-7). This result is

consistent with the normal staining of MOR in the spinal cord of PPTA

mutant mice. By contrast, we found that the antinociceptive effect of it.

DPDPE was significantly attenuated in the mutant mice. Figure 3-8 a

illustrates that there was a rightward shift of the dose response curve and of

the EDso value of it. DPDPE in PPTA mutant mice. This result suggests that
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the presynaptic DOR contributes to DPDPE-mediated antinociception. On the

other hand, the antinociceptive effect of it. deltorphin was not altered in the

PPTA mutant mice (Figure 3-8 b). This result suggests that 62 selective

agonists predominantly exert their antinociceptive effects via postsynaptic

DOR in the spinal cord. We next showed that the antinociceptive effects of

both DPDPE and deltorphin, at the highest doses tested, could be completely

blocked by the DOR-selective antagonist, naltrindole (data not shown).

As noted above we were concerned that loss of the presynaptic DOR is a

major contributor to the phenotype of the PPTA mutant. Specifically if there

is no feedback inhibitory control of the primary afferent, then the

pronociceptive consequences of noxious stimulation would be effectively

enhanced; this would result in greater pain behavior. Thus the reduced acute

pain responsiveness that we observed in the PPTA mutant mice would have

been underestimated. To address this possibility, we evaluated the PPTA wild

type and mutant mice in the experimental paradigms in which there is no

difference in the phenotype and then assessed the effect of administering

naltrindole, to block the endogenous opioid function through DOR. This

should have a selective pronociceptive effect in the wild type mice.

Previous studies, in fact, reported that endogenous opioids modulate the

response latency in the hot plate test in mice through an action at the 62

receptor in some strains of mice (Mogil et al., 1997). In our previous study,

wild type and mutant mice have similar response latency on 52.5°C hot plate.

Systemic injection of DOR antagonist naltrindole did not alter the response
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latency in either wild type or mutant mice at 52.5°C (Figure 3-9), supporting

our previous conclusion that SP/NKA contribute to sense the intense pain

rather than the mild pain.

The evidence for an endogenous opioid inhibitory tone in formalin test

has been controversial (Ossipov et al., 1996; Taylor et al., 1997). Systemic

injection of wild type mice did not increase the licking response to

intraplantarly injected dilute formalin (Figure 3-10), indicating that loss of

DOR-ir did not interfere with the phenotype we observed in formalin test.

We have not yet tested DOR-mediated endogenous opioid inhibitory effect in

other pain models, for example, in the setting of tissue or nerve injury.
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Discussion

Mechanisms underlying the loss of DOR-ir in PPT-A mutant mice

We report here that the distribution of DOR-ir is severely disrupted in PPTA

mutant mice. We also provide evidence that the disruption of PPTA gene

products results in an abnormal subcellular localization of the DOR protein.

We hypothesized that this results from the disrupted proper sorting of DOR

into the regulatory secretion pathway in the absence of PPTA gene products.

In support of this hypothesis we established the following: First, RT-PCR and

Western analysis revealed normal DOR mRNA and protein synthesis in the

trigeminal ganglia of PPTA mutant mice (Figure 3-5). Therefore, the loss of

DOR-ir in the trigeminal ganglia of the mutant mice is not due to decreased

DOR protein synthesis. Second, both autoradiography and Western analysis

indicated that there is a normal DOR protein level in the spinal cord of the

PPTA mutant mice. This argues against the possibility that decreased DOR-ir

resulted from disrupted axonal transport of DOR protein. In fact, we showed

there is a normal number and distribution of CGRP-ir in the trigeminal

ganglia as well as in the dorsal horn of the spinal cord, which establishes that

small diameter primary afferent neurons that normally express SP/NKA,

CGRP and DOR are present in the PPTA mutant mice. That result also

confirms the integrity of the axonal transport machinery in the mutant mice.

Finally, because the loss of DOR-ir was detected with antisera that recognize

different DOR epitopes, it is unlikely that a conformational change of that

DOR protein contributed to the loss of DOR-ir (Figure 3-2).
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It appears, therefore, that in neurons that express PPTA gene products, the

DOR protein is sorted into the regulatory secretion pathway and is

predominantly localized on the membrane of LDCVs, which contain

peptides, including SP/NKA and/or CGRP. In the absence of PPTA gene

products, we suggest that DOR is missorted into a constitutive secretion

pathway and is dispersed on the plasma membrane rather than being

clustered on the LDCVs. The loss of DOR-ir in the neuronal soma and

terminals may actually result from the dispersed DOR-ir. In other words, the

protein is now below immunodetection threshold. A somewhat comparable

situation has been described for glycine and GABAA receptor

immunoreactivity. For example, de-clustering of glycine and GABAA receptor
-

on the membrane induced a substantial decrease of glycine and GABAA

receptor-immunoreactivity (Kirsch et al., 1993; Essrich et al., 1998).

We did not provide direct evidence for the mechanism through which the

disruption of PPTA products leads to an abnormal localization of DOR

protein, we hypothesize that there is a physical interaction between DOR and

the preprotachykinin peptide precursor in the lumen of intracellular

organelle, such as the ER or Golgi apparatus. We further suggest that the

PPTA precursor is necessary for the appropriate sorting of the DOR into the

regulatory secretion pathway. This hypothesis is based on the following

experimental results. First, in primary afferent neurons, most SP/NKA

positive cells express DOR; conversely, most DOR immunoreactive neurons

are SP/NKA positive (Minami et al., 1995; Zhang et al., 1998). Second, the
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majority of DOR proteins in synaptic terminals of the superficial dorsal horn

are localized on the membrane of LDCVs. These almost certainly contain

SP/NKA (Cheng et al., 1995; Zhang et al., 1998). Thus it is possible that the

DOR protein and SP/NKA or the PPTA precursor interact with each other in

LDCVs or in the Golgi apparatus, where the sorting of protein into

constitutive and regulatory secretary pathway occurs. Because DOR-ir in the

spinal cord is not altered in the NK-1 receptor mutant mice, it is clear that the

loss of DOR-ir is not due to loss an SP/NKA action at the NK-1 receptor. This

is particularly unlike as there is little evidence for the existence of tachykinin

receptors on primary afferent neurons (at least of NK-1 receptors). In fact, the

loss of DOR-ir in PPTA mutant mice appears to have resulted from loss of

PPTA precursor expression, rather than from the loss of SP/NKA peptides per

se. Thus, a direct interaction between DOR protein and the PPTA precursor

within the primary afferent neurons might be the most likely explanation.

Second, in HEK293 cells, which do not express the PPTA gene, the

distribution of DOR immunoreactivity, like that of p- and k-opioid receptor,

is predominantly localized on the plasma membrane. It seems likely,

therefore, that the DOR, like most G-protein coupled seven transmembrane

receptors, is by default sorted into the constitutive secretion pathway. In the

presence of PPTA precursor, however, the DOR can be sorted into the

regulatory secretion pathway. Finally, the fact that SP-ir in the spinal cord is

decreased in mice treated with antisense DOR and in mice with a disrupted
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DOR gene (Dray and Rang, 1998) provide further evidence for an interaction

between the PPTA precursor and the DOR in primary afferent neurons.

It is of interest that previous studies showed that the binding of the

peptide precursor, proopiomelanocortin (POMC), to membrane-associated

carboxypeptidase E in pituitary Golgi-enriched and secretory granule

membranes is necessary for the sorting of POMC precursor into the regulatory

secretion pathway (Cool et al., 1997; Shen and Loh, 1997). This observation

taken together with our results suggest that the redistribution of DOR-ir in

the PPTA mutant mice involves an interaction between peptide precursor

and membrane protein that is reciprocally important for the proper sorting of

both peptide and the membrane protein into regulatory secretion pathway.

Functional significance of DOR alterations in the PPT-A null mice

We also explored the functional significance of the loss of presynaptic DOR-ir

in the PPTA null mice. In the experiments in which we injected DOR

agonists intrathecally, we found that the analgesic effect of the 61 agonist,

DPDPE, was reduced, but that the effect of the 62 agonist, deltorphin, was

intact in the PPTA null mice (Figure 3-8). We speculate that in wild type

mice, DOR is localized on the membrane of LDCVs and is incorporated into

the plasma membrane near synaptic terminals during/after the exocytotic

release of peptides from the LDCV. However, in PPTA mutant mice, the

missorting of DOR into the constitutive secretion pathway would lead to the

dispersion of DOR protein on the plasma membrane. This could decrease the
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local concentration of DOR at synaptic terminals, which would decrease the

analgesic effect of DPDPE acting through presynaptic DORs. On the other

hand, the postsynaptic DOR, which is presumably not affected in the PPTA

mutant mice, contributes mainly to the analgesic effect of deltorphin in PPTA

mutant mice, which not surprisingly, therefore, is not altered. The fact that

changes in presynaptic DOR localization differentially affect the action of

DPDPE and deltorphin suggests that there is a differential localization of

different subtypes of DOR in the mouse spinal cord. Our results suggest the

presynaptic DOR is of the 61 subtype while the postsynaptic DOR is of the 62

subtype. This conclusion is, in fact, consistent with previous studies of DOR

subtypes in the rat spinal cord (Stewart and Hammond, 1993; Zaki et al., 1996),

but is at odds with a previous report which concluded that the 62 receptor

primarily mediates antinociception in mouse spinal cord (Mattia et al., 1992).

Importantly, although intrathecal injection of DOR antisense oligonucleotide

in mice reduced the antinociceptive action of it. DPDPE and [D-Alaº,

Glu"|Deltorphin (see review, Zaki et al., 1996), this does not necessarily

contradict our data because the antisense treatment would likely down

regulate both pre-and postsynaptic DOR in the spinal cord. Indeed, we have

shown by Western analysis that DOR from trigeminal ganglia tissue

contained one band at around 60kD, but DOR from spinal cord tissue

contained two bands of different molecular weight (Figure 3-5). It is possible

that the two bands seen here represent different DOR subtypes in the spinal

cord.
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We also present evidence that systemic injection of DOR antagonist

naltrindole does not affect the responses in 52.5°C hot plate test and formalin

test in both PPTA wild type and mutant mice, suggesting that the alteration of

presynaptic DOR does not contribute to the phenotype we observed in mutant

mice in these assays. It is possible that presynaptic DOR will regulate the

excitability of the primary afferent terminals and modulate neuropeptide

and/or excitatory amino acid release in response to more intense or more

persistent noxious stimuli, for example, in the setting of tissue or nerve

injury.

In summary, we observed a marked redistribution of the DOR-ir

distribution in the PPTA mutant mice. We propose that this redistribution

results from missorting of the DOR protein from the regulatory secretory

pathway to the constitutive pathway in the absence of PPTA gene products.

The alteration of DOR-ir in the PPTA mutant mice was associated with a

reduced analgesic effect of intrathecal injection of the 61 agonist DPDPE but

not of the 62 agonist deltorphin. These results suggest that the presynaptic

DOR is predominantly of the 61 subtype and that the postsynaptic DOR is

mainly of the 62 subtype. Importantly, loss of DOR-ir in the PPTA mutant

mice cannot account for the reduced pain responsiveness that we observed in

these animals. If anything, loss of opioid regulation via the DOR would have

enhance nociceptive processing. We conclude that, if anything the
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concomitant change in the DOR distribution, masked what might be an even

more profound decreased in nociceptive processing in the PPT-A mutant

mice.
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a. SP-ir in PPTA +/4 b. SP-ir in PPTA -/-

c. NKA-ir in PPTA +/4- d. NKA-ir in PPTA -/-

e. CGRP-ir in PPTA +/-- f. CGRP-ir in PPTA -/-

Figure 3-1 SP, NKA and CGRP immunoreactivity (ir) in the spinal cord of
PPTA wild type (+/4) and mutant (-/-) mice. SP and NKA immunoreactivity
is concentrated in the superficial laminae of the dorsal horn in wild type mice
(a,c); there is no staining in the mutant (b, d). In contrast, CGRP-ir is not
altered in the mutant (e, f).
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a. PPTA +/-

Figure 3-2 DOR-ir is absent in the spinal cord dorsal horn of PPTA mutant mice
but preserved in the NK-1R mutant mice. a, b. DOR immunostaining in the
dorsal horn of PPTA wild type (+/4) and mutant (-/-) mice using an antibody
against amino acids 3-17 of DOR. The staining is absent in the PPTA mutant
mice (b). c, d: DOR immunostaining using an antibody against amino acids
34-47 of DOR. The staining is also absent in the PPTA mutant mice (d). On the
other hand, DOR-ir is preserved in NK-1R mutant mice (f). Scale bars: 100 puM
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Figure 3-3 Mu-opioid receptor-ir (MOR-ir), Met-enkephalin-ir (MENK-ir) and
dynorphin B-ir (DynB-ir) in the dorsal horn of PPTA wild type (+/4) and
mutant (-/-) mice. There is no difference between wild type and mutant mice
in MOR (a,b), MENK (c,d) and DynB (e, f) expression in the dorsal horn of
the spinal cord. Scale bars: 100 um
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PPTA -/-

DOR-ir

Figure 3-4 DOR-ir and CGRP-ir in the trigeminal ganglia of PPTA wild type
and mutant mice. In the PPTA wild type (+/4) trigeminal ganglia, DOR-iris
mainly located in the small diameter neurons (a). DOR-ir is absent in the
trigeminal ganglia from PPTA mutant (-/-) mice (b). CGRP-ir is comparable
in both wild type and mutant mice (c.d.). Scale bars: 100 HM
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Figure 3-6 Tail flick latency in PPTA wild type and mutant mice
is not altered.
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Figure 3-7 The antinociceptive effect of intrathecal DAMGO
does not differ in PPTA wild type and mutant mice.
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Figure 3-9 The effect of the DOR selective antagonist naltrindole in
PPTA wild type (wt, n=12) and mutant (ko, n=12) mice in hot plate test.
Naltrindole was injected subcutaneously at 5 mg/kg 30 min prior to
test. Naltrindole does not affect response latencies in either the wild
type or mutant mice at 52.5°C.
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Figure 3-10 Naltrindole does not affect the "pain" response in PPTA
wild type and mutant mice in the formalin test. Mice were
intraplantarly injected with 10 pil of 2% formalin. Licking during the
first 10 min after formalin injection was considered as 1st phase,
while licking during 10–45 min postinjection was considered as
2nd phase. Naltrindole was injected subcutaneously at 5 mg/kg,
5 min before the injection of formalin.

90



Chapter Four

Conclusions and future directions
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Conclusions

We have shown that mice carrying a disruption of the gene encoding

SP/NKA have significantly reduced nociceptive responses when the stimuli

are moderate to intense. The contribution of SP/NKA is neither modality

nor tissue-specific, but rather stimulus intensity-dependent. The behavioral

results suggest that glutamate is the relevant neurotransmitter when the

intensity threshold for pain is crossed and that higher stimulus intensities

evoke the release of SP/NKA; at the highest intensities, as-yet undefined

systems must come into play. SP/NKA acting through tachykinin receptors

are one of the multiple parallel transmitter/receptor pathways that are

involved in the transmission of nociceptive information; and it only comes

into play when the stimulus reaches a certain intensity.

We also provide evidence suggesting that SP/NKA not only act on NK-1

receptors but also on other neurokinin receptor subtypes (NK-2,3 receptors) in

the central nervous system.

In the process of searching for changes in other systems that may influence

the phenotype of PPTA mutant mice, we unexpectedly found that DOR-ir was

almost completely absent in the dorsal horn of the spinal cord and several

other brain areas of PPTA mutant mice, whereas SP-ir and DOR-ir are highly

colocalized with each other in wild type mice. This added further evidence in

support of the interactions between the endogenous tachykinin and opioid

systems. We propose that the PPTA gene product might be important for the

proper sorting of DOR onto the membrane of LDCVs. When the PPTA gene
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is disrupted, DOR protein might be missorted from the regulatory secretory

pathway to the constitutive secretory pathway and subsequently dispersed

onto the plasma membrane. The PPTA mutant mice also exhibited an

attenuated analgesic effect of intrathecal administration of the 61 agonist

DPDPE but not of the 62 agonist deltorphin, indicating that presynaptic DOR

is predominantly of the 61 subtype and postsynaptic DOR is mainly of the 62

subtype. Nevertheless, the phenotype of PPTA mutant mice seemed

unaffected by the changes of DOR-ir in the experimental paradigm we tested.
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Future direction

1. Efforts need to be made to further explore the contribution of SP/NKA to

the behavioral hypersensitivity in the setting of tissue or nerve injury, for

example, to follow the behavior of wild type and mutant mice after

intraplantar injection of CFA over a longer time course (2 weeks versus 3

days in the present study). Also, it is possible that SP/NKA contribute to

hyperalgesia (exaggerated response to noxious stimulus) rather than to

allodynia (decreased response threshold to innocuous stimulus). It will be

interesting to test the response of wild type and mutant mice to noxious

stimuli after tissue or nerve injury.

2. We found that NK-1R mutant mice exhibit a smaller deficit compared to

PPTA mutant mice, suggesting that NK-1R might not be the only target of

SP/NKA in the central nervous system. It will be interesting to study what

contributes to the phenotypic difference between NK-1R and PPTA mutant

mice.

3. The relative contribution of SP versus NKA to nociceptive transmission

needs further study. Our lab is currently working on generating mice that

lack either SP or NKA. The behavior of these mice in response to moderate

to intense noxious stimuli will elucidate the relative contribution of these

two peptides, provided compensatory changes do not occur in the mutant

mice.
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4. It will be interesting to try to down-regulate SP/NKA level in the spinal

cord of wild type adult mice by either intrathecal injection of antisense

oligonucleotides or double strand RNA against PPTA cDNA. If one can

obtain a substantial decrease of SP/NKA without major side effects, one can

study the behavioral responses of these animals to noxious stimuli as well as

the level of DOR-ir in their spinal cords without concern for possible

developmental changes due to the loss of SP/NKA in PPTA mutant mice.

5. The distribution of SP/NKA in DOR mutant mice should be examined to

see if there is reciprocal interaction between DOR and SP/NKA or its

precursor.

6. To directly test the hypothesis that the PPTA gene product is responsible

for the proper sorting of DOR protein onto LDCV membranes, one could

express epitope-tagged DOR with or without coexpression of PPTA in PC12

cells and examine the distribution of DOR in transfected cells. There should

be more DOR-ir on the plasma membrane in cells transfected with DOR only,

and more DOR-ir intracellularly in cells cotransfected with DOR and PPTA.

Also, one can use immuno-coprecipitation or yeast two-hybrid system to

prove the direct or indirect interaction between DOR protein and PPTA gene

product.
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